The competition for access to space that arises between macromolecules is the basis of the macromolecular crowding phenomenon, known to modulate biochemical reactions in subtle ways. Crowding is a highly conserved physiological condition in and around cells in metazoans, and originates from a mixture of heterogeneous biomolecules. Here, using collagen fibrillogenesis as an experimental test platform and ideas from the theory of nonideal solutions, we show that an entropy-based synergy is created by a mixture of two different populations of artificial crowders, providing small crowders with extra volume occupancy when in the vicinity of bigger crowders. We present the physiological mechanism by which synergistic effects maximize volume exclusion with the minimum amount of heterogeneous crowders, demonstrating how the evolutionarily optimized crowded conditions found in vivo can be reproduced effectively in vitro.
■ INTRODUCTION
Physiological microenvironments contain high concentrations of macromolecules, up to 400 mg·mL −1 in bacterial cytoplasm 1 or 350 mg·mL −1 in human blood. 2 At such concentrations, voluminous macromolecules compete for space, transforming the thermodynamic landscape of the crowded solution 2,3 and slowing down macromolecular diffusion. 4 Biological reactions in vivo are hence not only characterized by the molecules involved but also by the limited space in which these molecules diffuse. The mechanisms by which excluded-volume effects (EVE) modulate biochemical processes are becoming a growing focus in cell biology, as crowding was revealed to be a major driver of DNA replication, 5 gene expression, 6 compaction 7 and supercoiling of DNA, 8 enzymatic reactions, 9 protein aggregation, 10 folding, 3,11 stability, 11a and polymerization, 12 along with extracellular matrix deposition by cells. 13 Well-defined in vitro crowded conditions also proved beneficial for RT-PCR. 1 In all cases, the boost of biochemical reactions results from an increase of the effective concentration of reactants due to the excluded volume ef fect.
14 Other effects of crowding, such as spatial confinement and depletion forces, 15 can also affect specific stages of biochemical reactions by stabilizing the interaction between two reactants.
The volume excluded by crowders is generally expressed as the volume of crowder molecules themselves. Here we demonstrate that our current crowding efficiencies, yielded by homogeneous crowding, are far below their natural optimum. We also present a detailed solution to overcome this drawback. Physiological microenvironments are crowded with heterogeneous populations of crowders, and the advantages of mixed crowding over homogeneous crowding have been suggested experimentally by other research groups. 16 Zhou tested the effects of mixed crowding on protein stability and suggested that optimal crowding effects could be obtained by adjusting mixing ratios between populations. 16a In addition, in a recent in silico study at lower than physiological temperatures (27°C), Shah et al. suggested a role for enthalpic interactions in mixtures. 17 However, the underlying in vitro mechanism at physiological temperatures (37°C) was not fully addressed by this study, and remains unclear.
Here, we describe this mechanism. We show that mixing crowders of different sizes generates a synergistic effect, as small crowders bring about extra volume occupancy when in the vicinity of bigger crowders, beyond the volume occupied by their structure. As a test platform, we used the kinetics of collagen nucleation and fiber growth, which are driven by diffusion-limited aggregation 18 and can be assessed macroscopically by spectrophotometry. 19 We also tested a wide range of crowders including polyvinylpyrrolidone 20 (PVP), dextran, 7 and Ficoll.
3, 10, 13 ■ MATERIALS AND METHODS 1. Collagen Turbidimetry Assays in Crowded Conditions. Bovine dermis collagen I (3.2 mg·mL −1 in acetic acid, Koken IAC-30, Japan) was diluted to a 1× PBS, pH 7.4, 1.6 mg· mL −1 collagen I solution using 0.05 M acetic acid, 10× PBS (1st Base, Singapore), and 0.15 M NaOH. This solution was finally diluted at 1:1 with plain PBS, or PBS containing macromolecular crowders. The crowders used were PVP 40 kDa and 360 kDa, dextran 70 kDa and 200 kDa (SigmaAldrich, Saint Louis, MO), along with Ficoll 70 kDa and 400 kDa (GE Healthcare, Fairfield, CT). Final solutions had a collagen I concentration of 0.8 mg·mL
. All preparation steps were performed on ice. Immediately after preparation, collagen solutions were transferred to a 37°C prewarmed 96-well plate (100 μL per well) (UV-Star microplates, F-bottom, Greiner Bio-One GmbH, Frickenhausen, Germany). Absorbance at 313 nm was measured every 20 to 30 s with a Tecan Infinite M200 spectrophotometer (Maennedorf, Switzerland).
2. Calculation of Mixed Crowding Theoretical Effects. We chose collagen nucleation lag time as a readout, as this parameter allowed us to extract a simple measure of specif ic lag time reduction via simple linear fits. Indeed, as it is clearly illustrated by Figure S2 (Supporting Information), the predicted decrease given by eqs 9 and 10 is virtually indistinguishable from a simple linear decrease. This turned out to be true for all types of crowders considered ( Figure S3 , Supporting Information). As a consequence, we fitted straight lines to all experimental relative lag times ( Figure S2 , Supporting Information), the slope of which yielded the specif ic effect of each crowder, i.e., lag-time reduction per milligram.
For instance, we measured that each milligram of the crowder dextran 70 kDa decreases the relative nucleation lag time by 0.041. By comparison, each milligram of dextran 200 kDa decreases the relative nucleation lag time by 0.04. According to our null hypothesis, which neglects the presence of the void volume, crowding effects are purely additive in a mixture. A mixture of 5 mg·mL −1 dextran 70 and 5 mg·mL In order to avoid additional interactions between the two populations of crowders, we used mixtures of two populations sharing the same structure but differing by their molecular weight: (Ficoll 70:Ficoll 400), (dextran 70:dextran 200), and (PVP 40:PVP 360). Theoretical lag times were calculated via this method for a range of mixture ratios, and compared with experimental measurements.
Statistical Analysis. t tests were performed on compared populations of n = 4 (two samples of equal variance, two-tailed distribution). A statistical significance between two populations is represented by * (P > 0.95).
3. Hard Particle Modeling from a Colloid Physics Perspective. It is reasonable to assume that the measured nucleation rates of collagen triple helices are proportional to the rate of diffusive encounters between collagen monomers. Accordingly, the growth rate should be proportional to the encounter rate of collagen monomers (or oligomers) with larger forming aggregates. Bimolecular encounters in a dilute fluid of hard convex bodies are well described by the Smoluchowski theory, 21 which maps an N-body problem onto an effective two-body problem. Under the hypothesis that the polymerization reaction proceeds much faster than diffusive encounters, the encounter rate can be computed as the stationary flux of a diffusive current J into a sink of radius σ (the diameter of one monomer) and corresponding to a bulk density ρ B . The solution of this problem is the well-known Smoluchowski rate k S , given by
Here, J ⃗ = −2D 0 ∇ρ is the stationary particle current, with D 0 being the collagen monomer bare diffusion coefficient, and S σ is the encounter sphere of radius σ (with the normal vector pointing outward). It should be noted that the bare diffusion coefficient D 0 does not vary appreciably in our study, as (absolute) temperature and viscosity changes are negligible. As we shall see, crowding effects can however be rationalized in terms of an increase in the collective diffusion coefficient caused by the crowding-induced excess (with respect to the ideal case) osmotic pressure of the collagen fluid. A Simple Estimate for the EVE-Induced Increase of the Rate. Equation 2 already provides a first clue as to why the polymerization rate increases with the density of crowders. In fact, the effect of the latter is to reduce the volume available to collagen monomers, thus effectively raising their bulk density. This can be made more quantitative by an effective-medium argument analogous to the idea leading to the van der Waals equation. If we imagine the mixture to be composed of N c collagen monomers (each occupying a volume v c ) and N s crowding agents (each occupying a volume v s ) in the volume V, the effective volume fractions of the two species will be given by
where α ≠ β = c, s. The above equations can be solved for the effective volume fractions ϕ c (ϕ s ) and ϕ s (ϕ c ), leading to
As a consequence, recalling eq 2, the enhancement of collagen−collagen encounter rate due to purely excludedvolume effects arising from the presence of crowders can be estimated as
Local-Density Theory of Bimolecular Encounters in Nonideal Solutions. One of us has shown earlier how the crowding-induced enhancement of bimolecular encounters can be rationalized for the Smoluchowski problem at high densities in terms of an increase of the osmotic pressure that also increases the particle current into the sink. 22 These arguments have been further developed and made more rigorous in terms of a local-density approximation (LDA). 23 In particular, it has been shown that the encounter in a nonideal fluid can be linked
The Journal of Physical Chemistry B to the excess chemical potential (with respect to the ideal fluid) μ ex through the following equation
ex HS (6) where Z(ϕ) is the compressibility factor of the fluid, with ϕ being the packing fraction of particles in the fluid and β = (k B T)
. The last passage follows from a standard thermodynamic relation between the excess chemical potential and the compressibility factor. 23 While eq 6 has been worked out for a monodisperse fluid, the argument leading to this result can be readily generalized to bimolecular encounters in a fluid mixture (Figure 8 ). In particular, we can repeat the derivation described in ref 23 and use a standard thermodynamic relation between the excess chemical potential and the compressibility factor of the hard sphere−collagen mixture Z(ϕ HS , ϕ c ), namely,
which leads to the following intriguingly simple expression for the collagen−collagen encounter rate
The increase in the encounter rate between two collagen monomers with respect to the ideal case equals the compressibility factor of the mixture. This result should be understood in the following way: the ideal case is ϕ c → 0, while the packing fraction of the HS component enters the expression as a parameter. Moreover, we emphasize that no assumptions have been made as to the kind of molecules forming the binary mixture. The above formula is therefore appropriate for investigating bimolecular encounters in HS mixtures as well as mixtures of hard spheres and more complicated nonspherical objects. As a consequence, eq 8 may be employed to study how the measured nucleation and growth rates vary with increasing concentration of crowding agents. Toward this aim, it is convenient to study the normalized rate, i.e., the rate normalized to the value corresponding to the monodisperse collagen fluid (ϕ HS = 0), Model 1: Nucleation in a Hard Spherocylinder-Hard Sphere (HSC-HS) Model. In the case of nucleation in the presence of Ficoll 400 crowders, Ficoll and collagen molecules are present in comparable molarities. Let us consider explicitly the case where crowding agents are nearly spherical Ficoll 400 molecules. A collagen monomera triple helix comprising three tightly wound alpha-chainscan be modeled as a long hard rod or hard spherocylinder (HSC) with a length of L ≈ 220 ± 10 nm and diameter of σ ≈ 4 ± 1 nm, 24 while Ficoll 400 molecules are well approximated by hard spheres of a hydrodynamic diameter D ≈ 20 nm (as measured by dynamic light scattering of Ficoll 400 solutions in PBS, at room temperature). The formation of collagen aggregates can be interpreted in terms of a nematic-like ordering process, where the alignment of collagen monomers into fibrils is the consequence of large enthalpic interactions, namely, brought about by the potential energy associated with the polymerization of collagen monomers. An explicit expression for the compressibility of a HSC−HS mixture has been computed recently in the framework of the Parsons−Lee theory, 25 namely, 
where
be thought of as an order parameter for the nematic−isotropic phase transition. It depends on the probability density f(Ω) of the (solid) angle describing the orientation of sphero-cylinders with respect to the nematic axis, i.e.,
where ψ(Ω, Ω′) is the angle formed by the axes of two HSCs identified by the two solid angles Ω and Ω′ with respect to a fixed reference frame.
In the case of purely entropic nematic ordering, the parameter G[f ] is temperature-independent. We posit here that the same functional form for the HSC−HS mixture compressibility as given by eq 10 can be used in our case by making the parameter G[f ] temperature-dependent, thus accounting for the enthalpic interactions that drive the collagen assembly process. This can be done in a particularly simple way by resorting to the following analogy. The nematic-like ordering process underlying collagen polymerization can be thought of in terms of the alignment of an ensemble of permanent magnets in the presence of a magnetic field (paramagnetism). This implies the introduction of a polymerization enthalpy u p , gauging the short-range potential energy that drives the stabilization of monomer−monomer encounter complexes. According to the above analogy, we can posit a temperature-dependent distribution of the direction of HSC axes, f(Ω, T),
where θ is the angle between the HSC axis (collagen monomers are chiral) and the nematic-like axis identified by the parallel stacking of collagen monomers and β = 1/k B T. The normalization condition ∫ f(Ω, T) dΩ = 1 allows us to compute the constant Z (one-particle partition function). We obtain
Inserting eq 14 into the definition (eq 12) and assuming as usual that the axis of one of the two HSCs coincides with the 
where I 1 (x) is the modified Bessel function of the first kind of order one. In the isotropic phase at high temperatures (βu p ≪ 1), G(T) → 1, while as the temperature decreases G(T) → 0.
We have found that a reasonable estimate of the enthalpy u p associated with stabilization of monomer−monomer encounter complexes can be approximated to u p ≈ 66.8 kJ mol −1 (see Appendix I: nucleation activation energy calculation). This gives G ∈ [0.263, 0.266] in the temperature range T ∈ [28, 37]°C . Model 2: Fiber Growth in a Hard Sphere (HS) Model. At the stage of fiber growth, a significant portion of collagen monomers have been incorporated into nuclei and nascent fibrils. Therefore, the population of collagen monomers has become significantly reduced relative to the population of Ficoll crowders. Therefore, fiber growth should be described by the ideal case ϕ c → 0: the compressibility of the mixture tends to the HS compressibility, namely, Z(ϕ HS , ϕ c ) → Z HS (ϕ HS ), while Z(0, ϕ c ) → 1. In this limit (mathematically at order 0 in ϕ c ), eq 9 is simplified to 
where we have used the Carnahan−Starling expression for the HS compressibility. 4. Void Volume Simulation in Silico. Using the Avogadro 1.1.0 software, 27 we generated a simplified immobile 3D system composed of "big crowders" (carbon-based pentahedra, with a width of 6.8 Å) and/or "small crowders" (carbon-based cube, with a width of 3.6 Å). The molecular coordinates were saved in a .pdb format for analysis. A 7 Å diameter spherical probe was then allowed to explore the vicinity of crowders with fixed locations in an unbounded 3D space (using an online tool published by Voss et al. 28 ). Since the size of the exploring probe is limited to 10 Å by the online tool, pentahedra and cubes were suitable to materialize crowders with a size comparable to that of the probe. The total volume inaccessible to the spherical probe (Å 3 ) was calculated in different crowding conditions.
■ RESULTS
Ficoll
Crowding Boosts the Kinetics of Collagen I Assembly in Vitro. Collagen I monomers in vitro first assemble into short bundlesthe nucleiwhich are subsequently elongated by the addition of freely diffusing monomers exploring their surface, to finally yield collagen fibers. In contrast to free monomers, collagen fibers diffract light due to their tubular nature. This diffraction is optimum for near UV wavelengths, and the wavelength of 313 nm was chosen to observe diffraction. This allows indirect spectrophotometric observation of in vitro fibrillogenesisturbidimetry ( Figure 1A) .
19,29
The two sequential phases of fibrillogenesis, nucleation and fiber growth, feature independent rates, which can be determined graphically ( Figure 1B) . The effects of six macromolecular crowders (PVP 40 kDa and 360 kDa, dextran 70 kDa and 200 kDa, and Ficoll 70 kDa and 400 kDa) on the kinetics of fibrillogenesis were assessed by turbidimetry. The crowder dextran 70 kDa, for instance, together with all the crowders tested, shortens the lag time and affects fiber growth proportionally to its concentration ( Figure 1C) .
The fiber growth rate was defined graphically as the slope of the linear section of the sigmoidal 313 nm absorbance curve, according to published methods.
19a Accordingly, the nucleation time t n was defined as the intersection between the baseline and the tangent to the sigmoidal section of the turbidity curve at the estimated inflection point (Figure 1B 19a,30 From this, the nucleation rate was calculated as k n = 1/t n . We first focused on the spherical crowder Ficoll 400, with which we tested the effect of crowding on the rates of collagen nucleation k n and of fiber growth k a (Figure 2 ).
Nucleation and elongation feature comparable rates at a given temperature in uncrowded conditions (0 mg·mL −1 Ficoll 400), and both reactions proceed faster upon increasing the temperatures (Figure 2) . Crowding is seen to boost both reactions. However, the nucleation process appears to be more accelerated by macromolecular crowding (MMC) with respect to fiber elongation.
2. The Entropic Contribution of Crowding to Fibrillogenesis. The experimental evidence is that crowding enhances both nucleation and fiber growth (elongation) rates, which are seen to increase with increasing concentration of crowding agents in the tested range [0−20] mg·mL −1 . We lay down theoretical arguments to explain this remarkable experimental evidence as follows.
Nucleation in a Hard Spherocylinder-Hard Sphere (HSC-HS) Model. We developed a mathematical model which yields the theoretical relative nucleation rates in the presence of crowders (see the Materials and Methods). This nucleation model considers that crowding effects are purely entropic, and takes into account the known enthalpic interactions between collagen monomers. A comparison between theoretical and experimental nucleation data can therefore infirm or confirm the hypothesis that crowding effects on nucleation are purely entropic (Figure 3) . The theoretical expression for the normalized rate eq 8 (combined with eqs 10 and 15) turns out to be rather sensitive to changes in the structural parameters of collagen monomers. The dimensions of hydrated collagen monomers were determined experimentally by Bernengo et al., and feature standard deviations so that L ≈ 220 ± 10 nm and σ ≈ 4 ± 1 nm. 24 As a result, the theoretical rate of nucleation is given by a range reflecting the choice of possible values for L and σ (Figure 3, gray area) . We observed that relative increases in nucleation rates are less pronounced at higher temperatures (37°C versus 28°C). The 32 and 37°C curves overlap the theoretical range (gray area) but do not compare with the relative nucleation rates yielded by eq 4 (simple EVE effective-medium estimation; see the Materials and Methods).
Fiber Growth in a Hard Sphere (HS) Model. By analogy to nucleation, a specific entropic model was designed to describe relative elongation rates in crowded environments. This model takes into consideration the fact that a number of collagen monomers have been incorporated into fibers, and that their concentration is significantly reduced with respect to the concentration of crowders (see the Materials and Methods). We employed eq 16 to predict the relative constant rates of collagen elongation, and compared our predictions with experimental measurements between 28 and 37°C (Figure 4 ).
The effect of macromolecular crowding on the relative elongation rates is of lower intensity at higher temperatures. In addition, the 37°C experimental data match the theoretical curve calculated solely on the basis of entropic considerations. It is unclear why the relative increase in the rates is more pronounced at lower temperatures. This probably reflects a higher relative contribution of enthalpic terms to the driving forces of the self-assembly process.
3. Long-Range Synergistic Effects in Mixtures of Crowders. First, we sought to investigate in silico the volume occupancy generated by big and small crowders in the vicinity of each other. We simulated three different immobile spatial configurations, using big (6.8 Å) and/or small (3.6 Å) crowders. A 7 Å spherical probe was then used to explore the accessible volume of the system, in analogy to the van der Waals surface, using an approach designed by Voss and Gerstein 28 ( Figure 5 ). Molecular simulations show that the volume excluded in a mixture of crowders is significantly higher than the added volumes of single-species crowding agents, as the probe is excluded from an extra narrow space between crowders ( Figure  5 ). This narrow space, in this simple simulation, creates an extra 26% of volume exclusion.
Second, we designed an in vitro experiment to assess the crowding power of mixtures of big and small crowders: the speed of collagen nucleation was monitored in the presence of big (Ficoll 400, dextran 200, or PVP 360) and/or small (Ficoll 70, dextran 70, or PVP 40) crowders (Figure 3 ). We tested a null hypothesis (NH), namely, that crowding effects in a mixture are purely additive (we refer to the NH as theory in the following). On the basis of this hypothesis, we calculated theoretical effects of mixed crowding in a mixture by adding the effects of each population measured separately (see the Materials and Methods). We finally compared theoretical and experimental effects of mixed crowding at 37°C (Figure 6 ). We observed that experimental lag times are consistently shorter than those calculated by neglecting the extra void volume effect, for all mixtures tested. The observed differences are statistically significant for the mixtures of PVP and Ficoll.
The gap between experimental and theoretical lag times can reach 20% of theoretical data (5:5 PVP mix, Figure 6 ). The amount of crowders is an important factor, as the significant gap between experimental and theoretical data in a (5:5) Ficoll mix is absent in a (10:10) Ficoll mix. Trends in dextran mixtures also suggest an important role of the mixing ratio, as gaps range from (10:5) to (5:5) mixtures (9 and 16%, respectively).
■ DISCUSSION
Effects of Crowding on Fibrillogenesis. The volume occupancy of crowders is known to reduce the space available to freely diffusing collagen monomers, raising their effective concentration. An increasing concentration of Ficoll 400 between 0 and 15 mg·mL −1 thus drives collagen nucleation and fiber growth, similarly to a rise in collagen concentration. 19a In the case of diffusion-limited aggregations such as collagen assembly, reaction rates are a direct function of reactant encounter rates, themselves being functions of reactant size. It is thus understandable that monomer−monomer encounter (leading to nucleation) is less likely than fiber−monomer encounter (elongation), and that nucleation is therefore accelerated by crowding to a greater extent than elongation (Figure 2) . Importantly, the concentration of crowders in this study is maintained low (up to 20 mg·mL −1 ) to avoid highconcentration-related detrimental effectssuch as confinement and viscosityon collagen diffusion rates.
Entropic Origin of Crowding Effects. We developed models of crowding effects, assuming purely entropic interactions among crowders and between crowders and collagen monomers. For both nucleation and elongation, our models (eqs 10 and 15) describe accurately the experimental data at 37°C; this suggests that the effects of Ficoll crowding on collagen fibrillogenesis are of entropic origin, i.e., essentially volume exclusion due to a competition for access to space. The gap between experimental data and the models which is observed at lower temperatures might signal the appearance of enthalpic interactions, in line with an earlier report of the appearance of enthalpic (soft-core) interactions as temperature decreases in crowded systems. 31 Importantly, in the case of nucleation, the simple effective-medium argument to account for excluded-volume boosting of diffusive encounters leading to eq 5 largely underestimates the experimental measurements (see dashed line in Figure 3) , showing that physical arguments from the theory of nonideal solutions are needed to capture the experiments. We can conclude that, at physiological temperatures, Ficoll crowders essentially boost nucleation and fiber growth by volume exclusion (EVE). It is interesting to note the crowder's size has no significant effect on nucleation kinetics (Figure 3) , whereas it is known to affect reaction equilibria. 9a Additionally, we calculated that additional entropic effects of crowders, such as depletion forces, are only likely to be at work between large collagen aggregates and high crowder concentration (see Appendix II), thus boosting the more advanced stages of the aggregation process after the fiber elongation stage. Moreover, we show that the depth of the depletion attractive potential arising in the gap between two collagen monomers due to the volume excluded to crowders is at most Figure 5 . Total volume excluded by 3 big and/or 1 small crowder(s) in homo-or heterocrowding conditions. In the "mix" condition, the small crowder does not occupy a significant volume but reduces the average distance between crowders to a value lower than the probe diameter: a void volume is created. The total excluded volume is therefore greater than the sum of the crowders' volumes, as the small crowder is granted with extra volume occupancy (the void volume) due to its proximity to the big crowders. Void Volumes Create Long-Range Crowding Effects. The principle of volume exclusion can be illustrated by a still picture of a system hosting crowders and a like-sized test particle. In some cases, the interspace between two crowders is too narrow to accommodate a test particle: as a result, the test particle is not only excluded from the space occupied by crowders but also from these narrow interspaces which sum up to create a void volume. The volume occupied by crowders is then combined to the void volumedepicted in light blue in Figure 7 , left panelto make up the total excluded volume. In single-species crowding conditions, the void volume is proportional to the concentration of crowders.
It is therefore expected that the total excluded volume increases linearly with crowder concentration. However, we observe that a high percentage of the accessible space between crowders can be made unavailable to the test particle by the addition of a few smaller crowders ( Figure 7, right panel) . In such a case, the small crowders occupy a negligible volume but significantly increase the total void volume by reducing the average distance between crowders, in a gating fashion. The total volume of crowders increases only slightly, but the void volumehence the total excluded volumeincreases significantly. Summarizing, small crowders create more total excluded volume in the vicinity of big crowders than in the bulk. We suggest that this gating principle, which influences kinetic parameters, is the basis of synergistic effects observed by previous research groups in mixed-crowding conditions. 16 Most importantly, this mechanism seems to dominate at physiological temperature (37°C), while other effects set in at lower temperatures. It is interesting to observe that this is consistent with recent theoretical results by Shah and colleagues, who suggested that enthalpic effects prevail in mixtures at lower temperatures (27°C). 17 The notion of gating is illustrated by our computer simulations, which suggest the existence of a void volume between neighboring big and small crowders. Within the example of conformation we chose to simulate, we measured that 26% of the total excluded volume results from the void volume. The existence of a void volume in mixed crowding conditions was further ascertained by in vitro experiments. We summed the effects of Ficoll 400 and Ficoll 70 alone on the relative nucleation lag times at 37°C, and compared our results with experimental measurements using the corresponding mixing ratios. We repeated the process with dextran 200/ dextran 70 and PVP 360/PVP 40. We discovered that our calculation method underestimated the measured lag times in most cases, with a gap of up to 20%. We suggest that this underestimation originates from the neglect of void volumes in our calculation method. This hypothesis is supported by our previous conclusions on the purely entropic nature of crowding effects at 37°C. Finally, in silico and in vitro measurements of the sole void volume yield comparable values (26 and 20%, respectively), further supporting our conclusion. Importantly, the crowding effect of the void volume is not only detected for near-spherical crowders (Ficoll) but also for linear crowders (PVP), which adopt random, nonspherical conformations in solution. Our conclusions can thus be extrapolated to all crowding conditions, regardless of the crowders' shape.
■ CONCLUSION
We demonstrated how crowding efficiencies on kinetic parameters can be significantly boosted by means of mixing heterogeneous populations of crowders. Moreover, we showed how simple concepts from the theory of nonideal solutions can be employed to rationalize the experiments. Indeed, crowders do not need to occupy a volume to exclude it: a long-range synergistic effect is possible in mixtures, providing small crowders with extra volume occupancy when in the vicinity of bigger crowders, in analogy to a van der Waals surface. It would also be important to test such synergistic effects on simpler biochemical reactions with a better characterized activation energy. Mixed crowding is possibly a feature allowing nature to create more EVE with less crowders; further in vitro enhancements of crowding power, from dual to multiple populations like blood serum, could be achieved with a similar nature-mimicking approach.
■ APPENDIX I
Calculation of the Nucleation Activation Energy. The enthalpy of collagen assembly u p can be determined via a temperature scan. Indeed, the constant rate of nucleation obeys the Arrhenius law (eq 17)
where R is the gas constant and T is the temperature (K). The plot ln(k) = f(1/T) in the interval [28°C; 37°C] features a slope (−u p /R), from which the value of u p was calculated (Figure 8 ).
■ APPENDIX II
Critical Length of Collagen Fibrils for Ficoll-Mediated Depletion Interactions. The depletion interaction potential arising in a fluid of spherical objects of diameter σ between two parallel cylinders of length L and radius r whose surfaces lie at distance d can be calculated according to Kruger et al.:
where ρ is the number density of the fluid of spherical molecules and Z(Φ) its compressibility. In the hypothesis that these molecules behave as hard spheres, one can safely use the Carnahan−Starling expression 
Collagen monomers are characterized by short-range interactions between them, whose enthalpy we have estimated at u p ≈ 66.8 kJ mol −1 . We can thus compute the critical length L* of a forming collagen fibril such that the depletion attraction arising from the exclusion of crowder molecules between two fibrils equals the collagen−collagen interaction. This value of L will provide an estimate of the critical length above which it is more advantageous in the system to start forming fibril bundles than to elongate existing fibrils through the addition of more collagen monomers. The critical length L* corresponding to a fibril−fibril distance of half a crowder diameter, d = σ/2, is defined by the following condition The results of this calculation are plotted in Figure 9 . The parameters used are listed in Table 1 following Fissell et al. 33 It is clear that at the lower concentrations rather long fibrils are formed through the addition of monomers, until these start interacting between them through depletion forces. However, at concentrations of the order of 15 mg·mL −1 , depletion forces set in much earlier, i.e., for shorter fibrils of the order of a few collagen monomers in length and diameter.
Conversely, eq 18 can be used to compute the ratio between depletion energy and collagen−collagen polymerization enthalpy (Appendix I). Considering collagen monomers as cylinders of length 220 nm and diameter 4 nm a distance of a crowding agent radius apart, we obtain for a crowder concentration of 15 mg·mL 
